The lio gene encodes a putative receptor tyrosine kinase, with unique motifs both in the extracellular and catalytic domains (Dura, J.-M., Préat, T., Tully, T., 1993. Identification of linotte, a new gene affecting learning and memory in Drosophila melanogaster. J. Neurogenet. 9, 1-14). We show here that a complete deletion of lio activity causes specific structural defects in the adult brain. Gal4 enhancer-trap lines used as cell markers revealed that in lio mutants central brain axons behave as if they were abnormally attracted by the midbrain area. The Lio protein is expressed in third instar larvae in a few cells at the junction of the cerebral hemispheres. These glial cells form a newly described ring structure, showing an invariable fibrous organization. In the wild-type this ring disappears at midpupation. Our results indicate that the Lio putative kinase plays a major role in the modeling of the adult brain by controlling the fate of the transient interhemispheric ring.
Introduction
The development of Drosophila CNS has been the target of a large number of molecular genetic investigations, but most studies concern the ventral nerve chord rather than the brain itself. Recently important insights have been gained as to the cellular events taking place during embryonic brain formation (Therianos et al., 1995) , showing a scaffolding of glia and pioneer neurons. But understanding how adult brain structures are formed calls for studies at later stages since major postembryonic rearrangements occur in the brain. The adult head is made of six segments, with some authors describing a seventh anterior neuromere (Schmidt-Ott and Technau, 1992) . The largest and most complex neuromere is the protocerebrum which contains the mushroom bodies (MB), the central complex (CX), and the optic lobes. The MB are symmetrical structures made up of about 2500 parallel fibers involved in olfactory learning and memory (Fig. 1) . Miniature MB are already present in late embryos (Tettamanti et al., 1997) . The CX connects the left and right hemispheres ( Fig. 1) and might control the exchange of information between the two hemispheres (reviewed in Heisenberg, 1994) . It is thought to be a high level center for the control of behavior. In Drosophila the CX differentiates during metamorphosis, as do the optic lobes. The uniqueness and complexity of the protocerebrum raises the question of the genetic control of this neuromere formation. Interestingly, mutations affecting the ventral nerve chord in embryos lead to strikingly different phenotypes in the protocerebrum (Therianos et al., 1995) .
The frequency of mitosis is one factor regulating CNS formation. At the end of embryogenesis all neuron progenitor cells -the neuroblasts -become quiescent, with the exception of the MB neuroblasts which remain active (together with one pair of antennal lobe neuroblasts) (Prokop and Technau, 1991; Ito and Hotta, 1992) . After larval hatching quiescent neuroblasts are progressively reactivated (Prokop and Technau, 1991) . Strong mitotic activity leads to the formation of immature neurons, many of which will remain undifferentiated until metamorphosis (Truman et al., 1993) . Neuroblast proliferation strongly decreases between 20 and 30 h after pupariation formation (APF), with the exception of MB proliferation that decreases only at 85-90 h APF (Ito and Hotta, 1992) . Several genes have been shown to be involved in the control of neuroblast proliferation in larvae. Mutations in these genes lead to brain defects (ana: Ebens et al., 1993; mud: Fishbach et al., 1987; Prokop and Technau, 1994; mnb: Tejedor et al., 1995) . Although genes controlling brain neuroblast proliferation are currently being studied, the crucial issue of how the genome controls the differentiation of central brain structures remains largely unknown. In particular the fundamental transformations that take place in the central brain during metamorphosis have not been extensively investigated.
During metamorphosis a larva with relatively simple needs is transformed into an adult fly displaying many sophisticated behaviors. The initial steps of brain reorganization take place rapidly: within the first 24 h of metamorphosis the general shape of the adult brain is clearly recognizable. Some cellular and morphological changes have been documented such as the growth of the optic lobes (reviewed by Meinertzhagen and Hanson, 1993) and the separation of the prothoracic and subesophageal ganglia (Truman, 1990) . In the central brain most of the neuron cell bodies persist through metamorphosis, but major axonal degeneration has been observed. Thus although the general morphology of the MB is conserved through metamorphosis, larval axons are destroyed and new projections develop (Technau and Heisenberg, 1982) . Newly differentiated neurons associate with modified larval neurons to elaborate the adult MB.
Of particular interest are the events that take place at the interhemispheric commissure since this area includes the brain symmetry axis. During metamorphosis the CX in particular differentiates from the interhemispheric region (Hanesch et al., 1989; Truman et al., 1993) following unknown molecular and cellular mechanisms. What signals tell axons of neurons close to the commissure to grow on one side of the brain or the other? What mechanisms prevent axons of 'centripetal' structures (i.e. axons growing toward the interhemispheric junction, such as the Kenyon fibers of the mushroom bodies) to cross the commissure? For the moment the answers to these questions are unknown. linotte (lio) was screened as a memory mutant (Dura et al., 1993) . The lio gene encodes a putative transmembrane receptor of the tyrosine protein kinase family, homologous to the human RYK gene (Dura et al., 1995) . These proteins are unique among receptor tyrosine kinases, since they possess a short extracellular domain and a modified intracellular catalytic domain. The same gene was independently cloned -and named derailed (drl) -following a screen for axonal guidance defects in embryonic ventral nerve chord (Callahan et al., 1995) . We show here that the deletion of the lio gene leads to striking structural defects in the adult brain. lio is expressed at the interhemispheric commissure of third instar larvae and young pupae, in a previously unknown ring structure. These lio expressing cells are disorganized in the mutant background. These results indicate that the Lio protein plays a major role in central brain structuring during metamorphosis, by controlling the fate of the interhemispheric ring. We propose that in the wild-type this ring sends a repulsive signal which regulates central brain neurons crossing at the interhemispheric junction.
Results

Adult lio mutants show structural defects in the central brain
Two deletions of the lio gene are available, lio 2 (Dura et al., 1995) and drl Def (Callahan et al., 1995) , which were generated by excision of the original P-elements in lio 1 and drl P , respectively (Fig. 2) . Individuals homozygous for lio deficiencies are viable, although some pupal lethality is observed in these stocks. This pupal lethality is also displayed by the lio 1 strain, indicating that this mutant has a developmental deficit in addition to the weak learning and memory defect. To address the role of lio during development, paraffin sections of the mutants heads were made. Striking structural defects in the adult brain are observed in the lio 2 and drl Def mutants (Fig. 3) . Typically, the mushroom bodies peduncles look thinner, the left and right b/g lobes are fused and the a lobes are either missing or reduced. The a lobes originate from the same neurons as the b lobes. One cannot rule out that the a lobes do form in lio mutants but that they follow the track of the b lobes rather than expanding dorsally. This hypothesis is supported by the observation that the b lobes appear thicker (Fig.  3G,I ). The mushroom body calyces have a normal size (Canton-S: 18.87 ± 1.09 arbitrary units (AU); lio 2 : 20.62 ± 1.44 AU; t-test; P = 0.35, t = −0.97, n = 10). The central complex is also severely affected in lio 2 and drl Def mutants. The CX is made of isomorphic sets of neurons which form four neuropilar structures, the protocerebral bridge, the fanshaped body, the ellipsoid body and the noduli (Fig. 1) . In lio null mutants the fan-shaped body is flattened, with abnormal fibers covering its dorsal part (Fig. 3) . The protocerebral bridge is split in two or more pieces (data not Fig. 1 . Representation of adult central brain structures (redrawn with permission from Yang et al., 1995) . Central complex: pb, protocerebral bridge; fb, fan-shaped body; eb, ellipsoïd body; no, noduli. Mushroom bodies: cal, calyx; ped, peduncle; a, a lobe; b, b lobe; g, g lobe. Frontal view.
shown). The optic lobes also appear abnormal (data not shown). Thus the entire brain is affected by the lack of Linotte product. A similar but weaker phenotype is displayed by lio 1 /Df(2L)VA12 and drl P /drl def individuals (Fig.  3 ). This clear hypomorph phenotype is fully penetrant. This observation is in sharp contradiction with a previous report from Bolwig et al. (1995) , who failed to detect any brain defect in lio 1 /Df(2L)VA12 animals.
Central brain neurons tend to converge toward a midbrain center in lio mutants
Several central brain structures appear to be affected by the complete loss of lio function. To analyze these defects more precisely, we used Gal4 enhancer-trap lines as cell markers. About 1200 Gal4 enhancer-trap lines have been generated in our laboratory and screened according to their expression pattern in the larval and adult brain (Boquet, I., Hitier, R., Dumas, M., Chaminade, M., Préat., T., unpublished data). Several Gal4 strains showing expression in the MB or in the CX were selected and crossed into a lio null background (Fig. 4) .
Lines with MB staining showed a lobes that were either missing ( Fig. 4B) or severely reduced. A fusion of the left and right b and g lobes was also observed (Fig. 4D) . These results confirm the observations made with paraffin sections. As for the CX, new information is provided by lines staining the ring neurons of the ellipsoid body: this structure appears to be enlarged in the mutant (Fig. 4F) . The cell bodies of these neurons are also clearly disturbed in their position, being closer to the brain center. Intrinsic fibers of the fan-shaped body tend to surround the ellipsoid body in a mutant background (Fig. 4H) .
Taken together these results show that the absence of the lio gene affects adult brain development in a very specific manner, as if central brain neurons were abnormally attracted by the midbrain area. In a mutant background projections of neurons located outside this zone tended to get closer to it -and sometimes to cross it. An apparent exception to this rule comes from axons of ellipsoïd body ring neurons, which tend to expand away from the brain center in the mutant (whereas the corresponding cell bodies get closer to the midline). Analysis of lio expression in the developing brain provides a pertinent interpretation for this particular phenotype (see below).
Lio expression reveals an interhemispheric nonneuronal ring structure which is affected in mutant background
Since the brains of adult lio 2 mutants display a very strong and specific structural defect, we analyzed lio gene expression in the central nervous system at various developmental stages. Firstly, the P-element insertion in the lio 1 strain was used, which expresses a nuclear b-galactosidase reporter under the control of lio regulatory sequences (Dura et al., 1995) (Fig. 5) . Expression in the CNS of third instar larvae is observed in a few cell nuclei of the interhemispheric junction, and in the optic lobes anlage (Fig. 5A ). The interhemispheric cells are most likely glial since they do not express the neuronal marker Elav (Fig. 5B,C ). This result confirms previous observations (Robinow and White, 1991; Fig. 2 . Representation of the linotte locus with four mutations. lio 1 : insertion of a PlacW element (Dura et al., 1993) . This mutation does not affect the pigeon transcription unit (Dura et al., 1995) . The LacZ reporter has a nuclear localization. drl P : insertion of a Ptau-lacZ element (Callahan et al., 1995) . The fusion protein Tau-LacZ can diffuse in axons. lio 2 : 4 kb deletion generated by excision of the lio 1 P-element (Dura et al., 1995) . drl Def : deletion generated by excision of the drl P P-element (Callahan et al., 1995) . This deletion extends only to the right of the P-element, thus leaving the pigeon locus unaffected. The scale is in kb (the P-elements are not drawn to scale). Exons and introns of the lio mRNA are indicated, with the coding regions in gray. Only the 3′ end of the pigeon mRNA is represented (introns not shown). Kwok-Ming and White, 1994) . In young pupae (24 h APF) the overall pattern is similar to that observed in old larvae (Fig. 5D) . Four large lacZ positive nuclei are observed on a sagital interhemispheric view (Fig. 5E ). Older pupae do not show this expression pattern. In the adult CNS, b-galactosidase expression is very low and scattered (data not shown). In addition to embryonic expression (Callahan et al., 1995) , lio is thus expressed at larval and pupal stages, when major rearrangements affect the central brain.
The reporter of the drl P strain P-element is a Tau-b-galactosidase fusion which can diffuse in cell extensions, as shown in the ventral nerve cord of the embryo (Callahan et al., 1995) . We used this Tau-lacZ reporter to follow the projections of lio expressing cells in larvae and early pupae. In late larvae, a signal was detected in fibers packed at the interhemispheric junction and in the optic lobes anlage (not shown). In very young pupae (less than 24 h old) lateral horns are detected (Fig. 6A) , which disappear around 24 h APF (Fig. 6B) . Weak TAU-b-galactosidase expression is also detected in a few lateral hemispheric fibers (Fig. 6B) . The interhemispheric staining disappears between 48 and 72 h APF (stages P7 and P8 as described by Bainbridge and Bownes (1981) ) (Fig. 6C) . Surprisingly, we observed that cell projections at the interhemispheric junction form a previously undescribed ring (Fig. 6D,E) . The ring -which was named transient interhemispheric fibrous ring or TIFR -is located in a sagittal section in the middle of the brain. The TIFR appears to be highly organized, with entangled fibers creating a constant patterning of loops and hooks. The four large nuclei revealed with the b-galactosidase reporter in lio 1 are localized on the TIFR fibrous path. The TIFR is present in late larvae. It seems to be broken up in midpupae since no such structure has been described in the adult. Callahan et al. (1995) revealed a guidance defect in the embryo ventral nerve cord of mutant drl P /drl P and drl P /drl Def individuals. We wondered if the same kind of defect could be observed during adult brain formation. In frontal views of drl P /drl Def young pupae the ring does not appear severely affected (Fig. 6F ). However in sagittal views different degrees of TIFR disorganization can be observed. In some cases the whole structure is conserved but more relaxed (Fig. 6G) , in other cases the structure appears to be partially destroyed (Fig. 6H) . A defect can already be observed in old larvae.
The linotte putative transmembrane kinase is dynamically expressed at the interhemispheric junction
A polyclonal antibody was raised against the extracellular domain of the protein. No expression of the protein was detected in the central nervous system during the early lar- val instars. Weak expression appears in young third instar larvae, which increases until pupariation (Fig. 7A) . Lio is then detected in the optic lobes anlage and in fibrous elements of interhemispheric area, near the commissure. Thus the Lio putative kinase expression is similar to the b-galactosidase reporter gene expression, unlike a previous report (Bolwig et al., 1995) .
In the central area of the larval brain, the following dynamic pattern of expression is observed. The protein is first detected at 75 h after egg laying (AEL) (young third instar larvae) in two anterior projections that grow in multiple directions (data not shown). At 85 h AEL, these anterior projections cross the commissure and diverge in two branches. This expression is clearly visible in late larvae (Fig. 7B) . At 95 h AEL Lio is also detected more posteriorly in symmetrical fibrous elements that cross the commissure and also diverge in two branches (Fig. 7C) . The position of these latter elements is compatible with the idea that they contact axons of MB Kenyon cells. Expression declines in the early pupa, and in the adult brain no clear expression can be detected (data not shown). This expression pattern suggests that Lio plays an important role at the late larval/early pupal stage.
Since the Lio + protein is expressed at low level, as predicted by the weak RNA expression (Dura et al., 1995) , we used a transgenic strain carrying two extra insertions of the lio + genomic DNA. This homozygous w 1118 ; pw200.2;pw200.1 strain contains six copies of the lio + gene instead of two. Note that these P(lio + ) inserts are able to partially rescue the brain defect of lio null mutants (Moreau, C., Dura, J.-M., pers. commun.). In this stock the Lio protein is detected in the TIFR up to 24 h APF (Fig.  7E,F) . The appearance of the ring is similar to that observed with the Tau-LacZ reporter during the first 24 h APF.
Discussion
Most prominent brain structures either differentiate or undergo major remodeling during metamorphosis. In Dro- sophila the central complex differentiates at metamorphosis, and the mushroom bodies are reorganized. From 12 to 24 h after pupariation some of the larval neurons die and many of the survivors lose their projections and build new ones, in parallel to the adult-specific neurons which differentiate. Very little information is known about the genes that control these late developmental events. We show here that the lack of the putative kinase Linotte (Derailed) leads to fundamental structural defects in the adult brain.
Lio controls the organization of a transient interhemispheric ring
In larvae and young pupae, some of the cells expressing lio form a transient fibrous ring localized in a sagittal plane at the hemisphere junction. This structure has not been previously described. Given their fibrous constitution (Ito et al., 1995) these Lio expressing cells most likely correspond to transient glia. This interpretation is supported by the fact that no Elav expression is observed in this region. Furthermore, glial elements surrounding the developing CX have been observed in young pupae (Strauss et al., 1992) . Awad and Truman (1997) studied postembryonic development of the Drosophila midline glia in the ventral nerve cord. They showed that between 48 and 72 h after pupariation the midline glia undergo programmed cell death under ecdysone control. Interestingly the TIFR disappears at the same stage. The brain TIFR might thus play a role equivalentbut more sophisticated -to that of the midline glia in the ventral nerve chord.
In hypomorph lio mutants the TIFR appears fuzzy. Although its detailed organization is often recognizable, the fibrous elements are less clearly defined. Similar effects have been described in the embryonic nerve chord (Callahan et al., 1995) , as lio (alias drl) expressing neurons tend to defasciculate in the mutant. In addition muscles which lack lio (drl) function often fail to form ventral attachments at the correct location (Callahan et al., 1996) . These results suggest that Lio is required for correct positioning of cell projections, independently of the nature of the cells where it is expressed: neurons and muscles in the embryo, glia in the larval and pupal brain.
Lio is required to prevent brain neurons from converging toward the TIFR
The use of Gal4 lines as cell markers revealed a very specific and global defect in the brain of lio mutants: central brain fibers tend to converge on the very position of the TIFR. Most of the observed disorders fit with this interpretation including the ellipsoid body defect (Fig. 8) . By its position, the TIFR could play a major role in adult brain development by controlling fibers crossing at the hemispheric junction. This circular structure could be a scaffolding for the construction of the central complex, and could prevent surrounding fibers, such as the mushroom body lobes, from crossing the median part of the brain. This interpretation is supported by the temporal expression of the TIFR since it is present while the adult brain builds up, but disappears at 72 h APF when the brain has reached an adult morphology (Technau and Heisenberg, 1982; Truman, 1990; Truman et al., 1993) . The TIFR might send a repulsive signal read by central brain fibers. This signal could be present on the surface of TIFR glial cells, or be secreted by these cells. In lio mutants the TIFR is severely damaged, so the repulsive signal -although still partially formed -could not play its role correctly.
Alternatively it is possible that the Lio putative kinase controls not only the fate of the TIFR but also the elaboration by the TIFR of the repulsive signal itself. The phenotype of axonal convergence toward the CNS midline is very peculiar. One mutant showing a related defect in the embryonic CNS has been described. From an extensive screening of 13 500 lines, Seeger et al. (1993) isolated eight mutant alleles of the roundabout (robo) gene with a striking phenotype: some longitudinal axons that normally extend only on one side of the ventral chord projected across the midline. The robo gene encodes an immunoglobulin protein that might function as a guidance receptor respond- ing to an unknown midline repellent (Kidd et al., 1998) . The Lio transmembrane kinase could participate in the establishment of such a repellent signal at the interhemispheric junction of the developing brain.
The Lio protein is detected in the TIFR but also in a few fibrous elements which extend perpendicularly to the TIFR. In particular, expression is detected in two latero-posterior fibrous elements which could contact the mushroom bodies. The MB a lobe defect observed in lio mutants might be a consequence of the lack of lio expression in these particular elements.
Experimental procedures
Fly strains and culture
Drosophila were maintained on a 12 h dark: 12 h light cycle on standard corn meal-yeast-agar medium at 25°C and 50% relative humidity. The wild-type strain used in this study was Canton-S. The following lio alleles were used: lio 1 (Dura et al., 1993) , lio 2 (Dura et al., 1995) (Callahan et al., 1995) . w 1118 ;pw200.2;pw200.1 contains two homozygous P-elements carrying a 25 Kb genomic DNA fragment covering the lio + gene (Moreau, C., Dura, J.-M., pers. commun.) . Df(2L)VA12 uncovers 37C2-5 to 38B2-C1. All mutant alleles were used in a Canton-S background. By overexpressing the gene adjacent to the kinase encoding gene in adult flies, Bolwig et al. (1995) reported a full rescue of lio 1 learning and memory defect. However several of the results presented here and previously (Dura et al., 1995) are in contradiction with those of Bolwig et al. (1995) , so we have retained the original name lio for the kinase encoding gene. This question does not in any way affect the results described in this paper, which concerns the role of the kinase encoding genealso called derailed -in adult brain development.
Gal4 lines originate from an enhancer-trap mutagenesis performed in our laboratory (Boquet, I., Hitier, R., Dumas, M., Chaminade, M., Préat., P., unpublished data). Individuals were made homozygous for the lio 2 mutation and heterozygous for the Gal4 P-element insertion, and all of the results were obtained using at least two independent lines for each staining pattern. It is thus unlikely that the observed defects might arise from interactions between the lio 2 mutation and the gene driving the Gal4 expression.
Whole-mount X-gal staining
Brains were dissected under PBS, then fixed for 15 min in a phosphate-buffered saline (PBS) containing 1% glutaraldehyde. After washing for 15 min in PBS, brains were stained in the dark at 37°C, in 500 ml of the staining solution made up of 0.26% X-gal (diluted from an 8% stock solution in dimethylsulfoxide) in pre-warmed FeNaP buffer (Na 2 HPO4: 7.2 mM; NaH 2 PO 4 : 2.8 mM; NaCl: 150 mM; MgCl 2 : 1 mM; K 3 (Fe(CN) 6 ): 3 mM; K 4 (Fe(CN) 6 ): 3 mM). After staining, brains were washed in PBS for 15 min and mounted in Hoyers (as described in the Ashburner laboratory manual). For sagital observation brains were dissected after staining to isolate a section about 100 mm thick. Brains were photographed using a Leica DMR microscope. Ellipsoïd body distances were measured on digital images made with a Sony DXC-950 camera using the Pegase 2.0 program (2iSystem, Paris).
X-gal staining of brain cryostat sections
Frontal cryostat sections (10 mm) of adult heads were fixed on gelatinized glass slides for 15 min in the same solution used for in toto staining (Yang et al., 1995) . After washing in PBS (twice for 15 min), the sections were stained in the dark for 2-4 h at 37°C in a moist container. The staining solution was the same as for in toto staining. Brain sections were washed in PBS for 15 min and mounted in glycerol:gelatin (Sigma). Sections were photographed using a Leica DMR microscope.
Anti-b-galactosidase staining
Larval brains were dissected in PBS, pupal brains in the fixation solution. After dissection brains were fixed for 20 min in PBS 4% paraformaldehyde. After four washings (30 s, 5 min, 15 min, 1 h) in a saline Tris solution (Tris 100 mM pH 7, NaCl 0.15 M, triton 0.3%), samples were incubated in a 0.3% H 2 O 2 methanol solution for 30 min. After four washings (30 s, 5 min, 15 min, 1 h) in the saline Tris solution, brains are blocked 1 h in the saline Tris solution with 10% of the sera of animals used to raise the secondary antibody. Samples were then incubated overnight in the saline Tris solution with 1/2000 anti-b-galactosidase monoclonal antibody raised in mouse (Boehringer Mannheim). After four washings (30 s, 5 min, 15 min, 1 h) in the saline Tris solution, brains were incubated for 3 h in the Tris solution with 5/1000 anti-mouse anti-IgG from the Mouse Vectastain Elite kit. After four washings (30 s, 5 min, 15 min, 1 h) in the saline Tris solution, brains were incubated for 1 h in the ABC solution from the Vectastain Elite kit (1/50 A and 1/50 B in the saline Tris solution). Four washings later (three in the saline Tris solution, the last (1 h) in Tris 100 mM pH 7), the staining was revealed by a DAB reaction in 0,5 mg/ml DAB (Sigma), 0.25% H 2 O 2 in Tris 100 mM pH 7. The coloration was maintained until the desired intensity was obtained. Brains were rinsed twice for 5 min in PBS, kept one night in PBS:glycerol and then mounted in glycerol. Brains were photographed either using a Leica microscope with phase contrast or a Leica M10 binocular.
The same protocol was used for anti-Elav staining. The mouse monoclonal antibody anti-Elav 9F8A9 (Developmental Studies Hybridoma Bank, University of Iowa) was used at 1/10 000 (O'Neill et al., 1994) . For double staining experiments Xgal reaction on lio 1 was performed first, followed by anti-Elav reaction. The protocols were used as described above except that brains were fixed in 4% formaldehyde rather than in 1% glutaraldehyde for the X-gal reaction.
Anti-Lio staining
The anti-b-galactosidase staining protocol was used, except that the saline Tris solution was here made in 0.1% triton, and the second antibody was against rabbit IgG (Rabbit anti-IgG Vectastain Elite kit ABC).
Brain paraffin sections
Flies were placed in mass histology 'collars', fixed for 4 h in Carnoy's solution, dehydrated 2 h, immersed overnight in methyl benzoate, and embedded in different baths of paraffin at 70°C for 4 h (Heisenberg and Böhl, 1979) . Heads were cut in 7 mm serial frontal sections and inspected under a Leica microscope with FITC fluorescence filter. Surfaces were measured on digital images made with a Sony DXC-950 camera using the Pegase 2.0 program (2iSystem, Paris).
Developmental studies
Of Lio protein expression Flies laid eggs for 2 h. Brains were dissected from larvae collected every 10 h from 45 h (±1 h) after laying (2nd instar larvae), to 2 days old adults. The Lio protein was detected as described above.
Of gene expression in drl P /+ or drl P /drl Def lines. For larvae, the above technique was used. For the pupae, flies laid eggs for 24 h, and brains were dissected every day, from the third instar larvae to 2-day-old adults. The precise stage of the pupae was recognized morphologically (brain evolution, shape of the brain, coloration of the eyes, wing pigmentation) (Bainbridge and Bownes, 1981) . The protein b-galactosidase was detected as described above.
Antibody raising
A fusion protein Lio-GST was made. After PCR amplification a 261 base pair fragment corresponding to part of the extracellular domain was cloned in PCRII (TA cloning kit from Invitrogene). Directional cloning was then carried out in PGEX 2T* from Pharmacia, allowing a fusion in 3′ with the sequence of GST (glutathion-S transferase). Column purification of the GST-Linotte fusion protein was performed as described by Pharmacia, apart from the column (poly-prep chromatography columns from Biorad). Rabbit polyclonal sera were raised against this glutathione S-transferase fusion protein GST-Linotte containing amino acids K(152) to P(239) of the Linotte extracellular domain. Rabbits were injected with 100 mg of the fusion protein every month for 4 months.
